RBsumB. -Le mouvement des chaines dans le 4,4'-dioctad~cyloxyazoxybenz~ne a kt6 ktudik par RPE. Les marqueurs de spin utilisks sont des azobenzknes de structure trks voisine marques en diffkrentes positions de la chaine. Cette 6tude montre que la transition solide t , SB s'accompagne d'une (( fusion des chaines )). L'examen de donn6es calorimktriques pour une skrie de composks de meme type, suggbre que cette (< fusion des chaines >> serait dans de nombreux cas le phknombne predominant de cette transition. Dans les phases smectiques B et C, on observe une alternance du param6tre d'ordre en fonction de la position paire ou impaire du carbone marqu6. Cette relation est analys6e B la lumikre de la diffkrence observke par RPE et RMN pour les valeurs du parambtre d'ordre dans des systbmes smectiques lyotropes B longues chaines. Les angles de tilt ont kt6 mesurks et sont respectivement de 12O dans la phase SB et 230 dans SC. Leur discontinuitk est reli6e aux donnkes sur les densitks pour cette transition. L'alternance paire-impaire apparente de l'angle de tilt parait like a I'interaction diffkrente des marqueurs avec le potentiel d'orientation non axial.
1.
Introduction. -A variety of physical methods has been applied t o the study of the structure of smectic liquid crystals, and the general features of their layered structure are fairly well established. Thus the smectic A and C phases correspdnd to two dimensional liquids. In constrast, a single domain of the B phase gives X-ray diagrams [I] suggesting hexagonal order within each layer and in certain cases an interlayer correlation giving rise to a local three dimensional lattice.
We report here a spin label study of 4,4'-dioctadecyloxyazoxybenzene (ODOAB) which presents smectic B and C phases. Our results throw light firstly upon the solid c* S, transition which we are led to regard as a chain melting phenomenon [2] . Consideration of calorimetric and X-ray data then enables us to extend this concept to a restricted class of compounds exhibiting the S, phase.
Secondly, we have made a careful study of the two smectic phases, and present tilt angle data which we relate tentatively t o order parameter and densitometry data at the S, t+ S, transition.
The spin labels used in this study are labelled a t different positions along the alkyl end chains and were specially synthesised to resemble the ODOAB host molecule as closely as possible. Nevertheless, certain features of our results are attributable to the differences between label and host and are relevant to a consideration of (a) the discrepancy between ESR and NMR order parameter data, and (b) the assumption of axial symmetry for the ordering potential. Here the x direction is along the NO bond and the z direction is along the symmetry axis of the free electron 2p orbital.
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The powder spectrum of a randomly oriented population of static nitroxide groups is well known, and readily permits the measurement of A,, and g,, [4] . The effect on the spectrum of molecular reorientations depends on the rate and anisotropy of the motion. In frequency units the tensor anisotropies are of the order of 80 MHz. Motions significantly slower than this will therefore have little influence on the static powder spectrum, while motions significantly faster will lead, via an averaging process, to effective g and hyperfine tensors of smaller anisotropy. In the intermediate region, where correlation times are of the order of lo-' s, the analysis of the spectra is more complicated. The theory has been developed by a number of authors [5, 61 but will not be applied here. The spectra we observe in the solid appear to be due to molecular reorientations on the slow to intermediate time scale and will be considered qualitatively in that light.
In the smectic phases we observe spectra due to motions which are significantly faster than the characteristic frequency of 80 MHz. If, further, these motions have an axis of cylindrical symmetry then the effective, partially averaged, tensors reflect this symmetry and can be described in terms of their paralled and perpendicular components gll, gL, All, A, [7, 
81.
Both the smectic phases in ODOAB are titled ; i. e. the director, which describes the local preferred orientation of the molecules, makes some finite angle a with the normal to the smectic planes. The ordering potential in which the spin label moves cannot therefore have axial symmetry and the above conditions do not apply rigorously. Nevertheless, the ESR spectra which we observe experimentally can be described to a high precision by axial tensors, so that we will make this assumption, and define the angle between this apparent axis of symmetry and the normal to the smectic planes as the angle of tilt, a. We will return to this point in the discussion.
For uniformly oriented samples, when the magnetic field makes an angle 8 with the director, the resonance fields are given by where v is the spectrometer frequency, m the nitrogen nuclear spin quantum number, and :
For a distribution of director orientations the observed spectrum is the weighted sum of the spectra over the distribution. We will be concerned with two such orientation distributions ; the random or spherical distribution and the conical distribution.
The spectru,m obtained from a spherical distribution has been extensively considered by McConnell [7] .
From it we can obtain the tensor elements gll, g,, All and A, either directly from the easily recognisable characteristic splittings, or more accurately by comparison with calculated spectra. These tensor elements allow us to calculate the order parameters for the nitroxide group motion. Following Seelig [8] we define S,, = 4 < 3 cos2 $, -1 > (n = 1, 2, 3) as the order parameter of the nitroxide group x, y and z axes with respect to the director ($, is the angle between the axis in question and the director). Using the axial symmetry of the hyperfine interaction and the constancy of its trace A. we then have :
The conical distribution of directors is obtained for these tilted smectic phases when the smectic planes are oriented paralled to one another. The directors are then located on the surface of a cone of semi-angle a, the angle of tilt. A magnetic field making an angle P with the normal to the smectic planes then makes an angle 0 with the directors of azimuth q where cos 0 = cos a cos j 3 + sin a sin p cos q . known the spectrum can be predicted. However, with the magnetic field normal to the smectic planes ( p = 0) all the directors make the same angle a with the field and we obtain a sharp three line spectrum independent of the azimuth distribution. The splitting A, can then be used to obtain the angle of tilt : 
In fact there is a complicated solid polymorphism which we will return to in the discussion. 0
The series of labels which we have used was chosen to resemble the host molecule as closely as possible and exhibits the following phases and has the general formula
The paramagnetic N-oxyloxazolidine group is attached at different points along the chain. For convenience in the following discussion we will refer to the different labels by the number (m + I) of the labelled carbon atom, carbon number 1 being at the end bonded to the oxygen atom, For labels 4 to 8 the total length of the labelled chain was 16 carbon atoms (m + n = 14) while for labels 12 and 16 the chain was 18 carbon atoms long (m + n = 16).
The only other difference between the label and host molecules is that we used the azobenzene rather than the azoxybenzene form in, order to avoid the problem of isomeric mixtures. Some of the results however have been checked with the azoxybenzene form of the label and do not appear to depend on this difference.
All the compounds used in this study, the liquid crystal and the series of labels, were synthesised by one of us (M. D.) ; an outline of the synthesis has been given elsewhere [9].
The liquid crystal samples were doped with about 0.3 % of the appropriate spin label. At this label concentration the transitions were slightly broadened and lowered in temperature (--1 0C) as observed under the polarising microscope and by calorimetry, but the sequence of phases was not otherwise disturbed. The ESR spectra of randomly oriented samples were obtained with the samples contained in quartz tubes of internal diameter 4 mm. Small departures from random orientation of the smectic layers due to boundary effects were eliminated by rapid quenching from the isotropic liquid to the solid before reheating to the smectic phases.
Since ODOAB does not exhibit a nematic phase we have been unable to obtain fully oriented samples [lo] . However, partially oriented samples were obtained by shearing between glass slides in the S, phase. Prior to use the slides had been cleaned by washing successively in sulfochromic acid, water, and ethyl alcohol. Under the polarising microscope the SB phase of these sheared samples exhibited a deep blue and black or grey and black mosaic texture, any point of which could be brought to extinction by rotating the ,sample. We believe that in these samples the smectic layers were oriented parallel to the glass slides and that the tilted directors were distributed with approximately random azimuth on the surface of a cone. The ESR spectra confirm this assumption. Cooling the sample to the crystalline phase resulted in a considerable reduction in the conical ordering which however was completely restored after reheating to the smectic phases and temperature cycling about the S, t , Sc transition.
The ESR spectra were recorded on a ~a r i a n E-9 spectrometer equipped with a Varian variable temperature accessory. The sample temperature was measured with a copper-constantan thermocouple to an accuracy of + 0.3 OC.
The transitions in pure ODOAB and in the labelled samples were checked optically under a Leitz Orthoplan-Pol polarising microscope fitted with a Mettler FP 52 heated viewing stage, and by calorimetry on a DSC 2 Perkin Elmer differential microcalorimeter.
Results and discussion
The degree of incorporation of the spin label into the solid phase appears to be a sensitive indicator of the perturbation due to the addition of the label. Frequently the transition from a less to a more highly ordered phase is accompanied by the exclusion of the foreign probe molecules and their segregation into regions of high concentration [Ill where the reduced interlabel distance results in a broad line ESR spectrum. Alternatively, in the more highly ordered smectic phases the label may remain dispersed but be excluded from the director dominated region of the layers and take up a position between the layers either parallel to them [12] or tumbling more or less freely [13] . Both these effects have been observed, for instance, with the commonly used androstane steroid label.
In contrast, we find that most of the spin labels we have synthesised remain dispersed and properly incorporated in all phases of the mesogen. The exqp- TAUPIN tions are those molecules labelled closest to the central aromatic nucleus. Even these, however, are fully incorporated into both smectic phases and are only excluded on slow crystallisation. They can in fact be retained in the solid by rapid quenching through the S, + solid transition. However, heating to --700C results in sufficient diffusion for the exclusion to occur.
We will not therefore include these labels in our consideration of the solid phase, but concentrate on labels 8, 12 and 16 which are labelled. near the middle and end of the chain.
Before going on to discuss our results in the solid we must say a word about the polymorphism below the S, phase. Demus et al. [14] Figure 2 shows the powder spectra obtained from labels 8, 12 and 16 in the solid at 80 OC. Qualitative comparison of the spectrum of label 16 with the calculations of Gordon and Messenger [6] (admittedly for isotropic motion) suggests that the nitroxide group is reorienting through large angles at an intermediate rate. On the other hand the spectra of labels 8 and 12 appear little different from static spectra. Now it is unlikely that the correlation time for the chain motions varies markedly along the chain. Their amplitudes, however, are certainly expected to be small over most of the chain length in the solid and to become appreciable only near the end. Now clearly intermediate rate reorientations in a small angular range will have little effect on the spectra, so that it seems reasonable to interpret the spectra of labels 8 and 12 as due to small intermediate rate reorientations. Figure 3 shows the powder spectra of labels 8, 12 and 16 in the S, phase at 92 OC. Qualitatively they are representative of the spectra of all the labels throughout the temperature range of both smectic phases. Evidently we are still in the region where the spectra depend on the rate of motion, and from the linewidth variation the correlation time can be obtained. In general terms, the correlation time for the isotropic motion decreases along the chain reflecting the flexibility of the chain attached to the more slowly tumbling molecule. A study of this effect as a function of temperature is under way. This is A in the solid (see Fig. 2 ) and All in the smectic phases (see Fig. 3 ). In the smectic and isotropic phases the splitting can be interpreted as an order parameter using the scale on the right.
THE SMECTIC PHASES. -
we plot the temperature dependence of the major (parallel) component of the effective hyperfine interaction. In the smectic phases, where the averaging motion is rapid, this is unambiguously All (Fig. 3) . In the solid phase, where the motion is slower, it is the spectral parameter A (Fig. 2) but its interpretation is less certain due to the inseparability of the effects of the changing intermediate rate and amplitude of motion. From eq. (4) we see that All and S, are linearly related so we have included on the right hand side of figure 5 a scale of S, .
The most notable features of the figure are the large discontinuities at the solid o S, and Sc * L transitions. In the solid the slow variation and large value of the splitting reflect the more restricted motion in that phase, which, as we have seen, is best interpreted as small amplitude reorientations at a slow to intermediate rate. In the smectic phases, where the motion is sufficiently rapid the splitting can be interpreted directly as an order parameter. It falls slowly throughout the smectic range with no discontinuity at the S, -S, transition. This continuity is not surprising if the S, and S, planes are viewed as two dimensional solids and liquids respectively. The transition can then be regarded as a two dimensional melting with a loss of translational but not orientational order. If the mean distance between chains remains constant then the intermolecular steric interactions which determine the ,order parameter may not be greatly effected. Demus et al. [14] observed a 1.25 % increase in specific volume at this SB + SC transition. As we shall see this density change may be accounted for by the change in tilt angle, the mean interchain distance remaining constant. We can compare our values for the order parameter in the smectic phases with the results of McConnell [7] for a spin labelled phospholipid incorporated in the lamellar La phase of dipalmitoyl lecithin (DPL). The phospholipid molecule was labelled on the / 3 chain at the seventh methylene position which, allowing for \ the extra C=O group in the DPL chains, corres-/ ponds to our label position. Our order parameters are to be compared with a value of 0.35 found just above the transition to the so-called liquid phase of DLP. This strongly suggests that the chains are liquid also in the S, and S, phases.
An interesting feature of this liquid motion of the chains emerges from a consideration of the order parameters S1 and S,. The g anisotropy (g,, -gl) can be obtained from the powder spectra in the smectic phases and, with the aid of eq. (5) and (6) this gives S, and S,. For label 8 at 92 OC Although the inequality of S, and S, has been noted before [15] the difference found here is very much greater. The values imply that on average the x axis Two features of the S, phase appear to be well established ; its layered structure, in common with other smectic phases, and its distinguishing feature, the long range ordering within the layers. Until recently however, little was known about the interactions between the layers.
Two apparently contradictory models have been proposed [16] . In one, there would be a significant correlation between the smectic layers so that, locally at least, there would be three dimensional order. On this view the S, phase would be a particular case of a plastic crystal. In the other model the layers are considered to be essentially decoupled so that each smectic layer can be considered as an independent two dimensional solid.
In a recent X-ray study [17] of the S, phase of four different compounds Levelut et al. measured the correlation distance perpendicular to the smectics planes. The essential results from our point of view are shown in table I.
The table illustrates the precise negative correlation between total chain length and number of correlated S, layers. Now we have shown that in ODOAB the solid o S, transition corresponds to a melting of melting-may often be an important feature of the solid -S, transition. The van der Waal coupling between molecular layers in the solid is presumably due largely to forces between the ordered chains in adjacent layers. After the transition to the S, phase this order is lost and the chains serve principally to separate the still ordered central parts of the layers between which long distance van der Waal forces maintain a residual coupling. Clearly this coupling will fall off rapidly with increasing chain length. 
CH-CH-COOCzHr (EEBAC)
We can obtain some support for this view if we consider the entropy change A S at the solid o S, transition as a function of chain length. Table I1 assembles the data for six compounds. A S is plotted against the total number of alkane chain carbon atoms in figure 6 . Four of the points fall satisfactorily close to a straight line of slope 1.6 cal mole-' K-' per methylene group. This value is of the same order as those considered by chapman [19] for a number of similar chain melting transitions. Although these compounds by no means form a homologous series they do have in common the general features of the structure of their central nuclei and reasonably long chains. The two exceptions to the general scheme may perhaps be explained by pointing out that one, TBBA, has three rather than two aromatic rings in its nucleus, while the other has exceedingly short chains.
We conclude that the two models of the S, phase mentioned previously may form part of a single scheme, and that the SB phase bridges the gap between true liquid crystals and quasi-crystalline substances with three dimensional order extending to increasing distances. In the light of this, the observation by Demus et al. [14] of a (( ... schlieren texture, a typical liquid crystalline texture ... )) in the S, phases of ODOAB and HDOAB is not surprising. These compounds are near the true liquid crystal limit of the S, range. Presumably the unnamed S, substances which have exhibited the schlieren texture, but indistinctly, are nearer the middle of the range and have chains of intermediate length.
4 . 6 THE ORDER PARAMETER GRADIENT. - The slow continuous decrease of order parameter with temperature in the smectic phases, shown in figure 5 for label 8, is qualitatively representative of the behaviour of the other labels marked at different positions along the chain. In order to study the variation of the order parameter along the chain we will concentrate on two fixed temperatures, 92 OC in the S, and 105 OC in the S, phase. Figure 7 shows the order parameter for these two temperatures plotted against labelled carbon number. The decrease in order parameter along the whole length of the chain is characteristic of lyotropic smectic systems with long chains as studied by spin labels [20] , and is in contrast to equivalent NMR data [20, 211 where a plateau of constant order is found over most of the chain, falling off only near the end. Superimposed on this overall decrease, however, there is a pronounced odd-even alternation.
The origin of this effect probably lies in an alternation in the interaction with the mesophase of the odd and even numbered labels, and its consideration throws some light on the general question of spin label order parameter measurements in systems of this kind.
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An examination of a molecular model of one of our spin labels shows firstly, that the molecule as a whole is not linear, and secondly, that in the series, the passage from an odd to an even numbered label results in the oxazolidine ring moving from one side of the chain (with respect to the central kink) to the other. Figure 8 illustrates the situation schematically. At least close to the nucleus the oxazolidine group on the odd numbered labels is somewhat more protected by the bend of the adjacent kink than it is on the even numbered labels. If, further, the molecule rotates about some mean longitudinal axis (and the cylindrical symmetry of the spin Hamiltonian seems to require this), represented in figure 8 by the dotted lines, then the molecule may be thought of as occupying a figure of revolution with the nitroxide group exposed on the outer surface for the even numbered labels, and more sheltered near the axis for the odd labels. The observation, then, that the labels with the greater steric interaction with the mesogen have the higher order parameter, provides a clue to the reason for the continuous decrease of the spin label order parameter along the chain. The perturbation caused by the insertion of the label into the smectic phase is associated with the displacement of the surrounding chains in order to make room for it. As the mean distance between chains is determined at the level of the aromatic nuclei (or polar heads in lyotropic phases) it naturally becomes more and more difficult to displace the chains sufficiently the nearer the label is to the nucleus. The additional volume then required to permit label reorientations also becomes progressively harder to obtain, thus explaining the progressive change in order parameter. At a given level in the layer any variation in these interactions, such as those due to an odd-even alternation of molecular shape, should therefore be reflected in the order parameter, and this is what we observe.
This view of the alternating steric interaction in our spin labels gains some support from our observation that some of the equivalent azoxybenzene labels are mesomorphic [9]. Of the labels 5 to 8 it was expected that, due to the reduced perturbation of the oxazolidine group, only the odd labels would possess mesophases. In fact 5 and 7 are mesomorphic while 6 is not. The fact that label 8 is mesomorphic may be due to the greater distance from the nucleus reducing both the perturbation and the odd-even alternation.
4.7 ORIENTED SAMPLES-TILT ANGLE. - Figure 9 shows the spectra for label 4 in a sample with the smectic planes oriented parallel. The spectra obtained with the field at 450 and 900 to the layer normal are qualitatively what is expected from a uniform conical distribution of directors. Nevertheless differences between the spectra for 450 and 1350 show that the distribution is not quite uniform. For this reason we use only the spectra taken with the field along the layer normal. The splitting A, is then inserted in eq. (8) to obtain the angle of tilt. Figure 10 shows the angle of tilt as a function fo temperature for each of the labels. The errors increase towards the end of the chain where the order parameter is smaller and in the S, phase where the tilt is smaller. The principal features to be noted are the constancy of the tilt in each smectic phase and the sharp discontinuity at the S, c, S, transition.
In figure 11 the tilt angles at 92 O C (SB) and 105 O C (S,) are plotted against labelled carbon number. Again there appears to be an odd-even alternation, marked in the S, phase, less so in the S, where the errors are greater. Apparently we have 250 and 210 for the even and odd labels in the S, phase, and 130 and lo0 for even and odd in the S, phase. Now it seems highly unlikely that there could really be an odd-even alternation of tilt angle along a single chain. Rather it seems that we are observing the effect of the non-cylindrical component of the orienting potential. As we have seen, there is an odd-even alternation of the overall form of the molecule in our series of labels. In a non-cylindrical potential, molecules of different shape might well rotate about differently oriented axes. Since the forms of our odd and even labels vary in opposite senses from that of the host molecule we will take a mean of the odd and even tilt angles to represent the true angle of tilt.
Let us now consider the step change of this angle from 120 to 230 at the S, t , Sc transition in the light of the order parameter and densitometry data. 
Now d is the hexagonal lattice constant for the molecular packing in the plane perpendicular to the director and has been measured by X-rays Too much reliance should not be placed on such chain melting may account for some of the discrea simple model,' but it does suggest a possible coupling pancies. between the discontinuities in tilt and density while Tilt angle data with which to compare our results retaining the continuity of the mean interchain spacing are relatively scarce. The value of 230 in the Sc phase and hence order parameter.
is rather smaller than that in other S, phases, but its independence of temperature when there is no following SA phase has been noted before [lo, 251. As far as the behaviour of the tilt at the S, o Sc transition is concerned, the only other case we know of is that of TBBA where the angle is continuous across the transition [26] . This work has brought to light effects which we have attributed to the presence of the label. In this connection it may be pointed out that the long chain smectic layers we have studied have many structural similarities with the biological and model membrane systems in which spin labels have frequently been used. Our results may therefore be expected to contribute to a more precise understanding of label behaviour in these systems.
On the other hand, our continuing spin label studies
